Abstract-In this paper, four paradigms are used to deal with a robot manipulator control problem. These paradigms are feedback linearization method, approximating control by Taylor truncation, sliding mode approach, and adaptive proportional integral method. Robotic manipulators are strongly nonlinear, strongly time-varying, and strongly coupled. There are several uncertain factors in robotic manipulator such as dynamic parameters (eg., inertia and payload conditions), dynamical effects (e.g., complex nonlinear frictions), and unmodeled dynamics. The conventional linear controllers are difficult to treat these behaviors. To eliminate this problem, sliding mode control (SMC) can be used as a robust controller. Application of traditional SMC in nonlinear system uses exact feedback linearization. Geometric differential theory is used to develop exact linearization transformation of nonlinear dynamical system, by using nonlinear cancellation and state variable transformation. Hence, the controller can be synthesized by using the standard sliding mode for linear system. The main weak point of the exact linearization is that its implementation is difficult. This study presents a synthesis SMC based on approximating state feedback for robotic manipulator control system. This approximating state feedback is derived from exact feedback linearization. Based on approximating state feedback, sliding mode controller is derived. The original sliding mode control (SMC) has many drawbacks limiting its practical applicability, such as chattering and excessive control input. To eliminate the problems, the discontinuous control signals in the original SMC are replaced by proportional integral (PI) controller. To compensate the uncertainties of the system, the parameters of the PI controller are updated in online manner. To guarantee the stability the knowledge of the system uncertainties is not required. Furthermore, the stability and convergence of the proposed scheme are proved by using Lyapunov like method. To show the effectiveness of the proposed method, the simulation of the proposed sliding mode controller is presented.
I. INTRODUCTION
Nowadays, robotic manipulators are extensively used in the industrial field. The desire of a high-speed or a highprecision performance for this kind of mechanical systems has led to research into improved control systems. These high performance control systems need, in general, the dynamical model of the robotic manipulator in order to generate the control input [1] [2] . Robotic manipulators are highly nonlinear and time-varying systems which are also strongly coupled. Moreover, there always exists uncertainty in the system model such as external disturbances, parameter uncertainty, sensor noise, and so on, which cause instability in the robotic manipulator control system [2] [3] . To overcome this problem, sliding mode control (SMC) has been widely used as one of the precise and robust algorithms [4] [5] . SMC design provides a systematic approach to the problem of maintaining stability in the face of modeling imprecision and uncertainty. Application of traditional SMC in nonlinear system uses exact feedback linearization. The main weak point of the exact linearization is that its implementation is difficult. To overcome this difficulty, this paper presents a synthesis SMC based on approximating state feedback for robotic manipulator control system. This approximating state feedback is derived from exact feedback linearization. The closed loop stability is evaluated by using the Lyapunov theory.
In [6] [7] has been developed a synthesis of nonlinear control system to find a control methodology that makes the exact linearization controller more realizable, but without any significant performance degradation. Instead of the exact controller, the proposed controller was a general form of controller candidates which replace the function of the exact controller. The closed loop stability of the nonlinear system under the controller was evaluated by using the Lyapunov stability theory. The condition under which the origin of the closed loop system being asymptotically stable was derived by characteristic value shift theorem.
In the previous research [7] the gravity was ignored, nevertheless the existence of gravity may degrade the control performance. By using approximating state feedback, zero steady state error is not guaranteed. In [8] , the classical SMC is proposed to eliminate steady state error. To improve the previous research we synthesize the sliding mode control based on approximating state feedback for robotic control system on three steps. The first is to synthesize the approximating state feedback based on exact feedback linearization. The second is to derive sliding mode control to cope the uncertainty. The third is to design adaptive PI controller. To relax the requirements for the knowledge of upper bound of the uncertainties, the parameters of PI controller are updated in an online manner to compensate the system uncertainties and to guarantee the stability of the overall system without having any prior knowledge of the system uncertainties [9] . The adaptive law is designed based on the Lyapunov method and mathematical proof for the stability and convergence of the overall system is provided [10] . Simulation results prove the validity of accurate tracking capability and the robust performance.
II. DYNAMICS OF ROBOTIC MANIPULATOR
For simplicity, the robotic manipulator to be controlled just has two joints. The dynamics model of two-link robot can be formulated as 
, where x is an 1 x n nonzero vector.
It is assumed that a robotic manipulator, as is described by (1) , has some known parts and some unknowns and therefore, there exist uncertainty in the system model. Thus, M(q), ) q B(q,  , and G(q) can be described by
where
, and (q) Ĝ are the known parts, ΔM(q), ) q ΔB(q,  , and ΔG(q) are the unknown parts. For simplification in notation, we avoid writing the variables in the parentheses of the above matrices and vectors.
III. CONTROLLER SYNTHESIS

A. Construction of controller candidate
The parameter values used for the robotic manipulator are , kg
We propose the controller candidate as
The error between exact controller and approximation controller can be expressed as
After some complex calculations we can find (12) is asymptotically stable.
B. Sliding mode control
The main drawback of approximating state feedback controller is the existence of a steady state error, due to the existence of uncertainty. The limitations mentioned above have inspired the idea to derive sliding mode controller based on approximating state feedback.
The first stage in designing a sliding mode controller scheme for robotic manipulator, the goal of the control is to drive the joint position i θ to the desired position . Define also an error metric as
The time derivative of the sliding variable can be written as The second stage of the design procedure involves the selection of the control which will ensure that the chosen sliding mode is attained. For this reason, the problem of determining a control structure and associated gains, which ensure the reaching or hitting of the sliding mode, is called the reachability problem. Let the control torque T can be chosen as follows 
The Lyapunov like function candidate in (22) is a positive definite and decrescent function, which implies that i s is driven to zero in finite time. So the overall system is asymptotically stable.
IV. ROBUST ADAPTIVE PI CONTROLLER
There are two major disadvantages in designing the classical variable structure controllers. First, because of the control actions which are discontinuous across , s there is chattering in a boundary of the surface . s Such high frequency switching (chattering) might excite unmodeled dynamics and impose undue wear and tear on the actuators, so the control law would not be considered acceptable. Second, the prior knowledge of the boundary of uncertainty is required in compensators. If boundary is unknown, a large value has to be applied to the gain of discontinuous part of control signal and this large control gain may intensify the chattering on the sliding surface [3] .
In this section, a Robust adaptive PI controller (RAPIC), to avoid the aforementioned problems, has been proposed. K can compensate the system uncertainties [11] .
Applying (24) will imply
where the definition of i Δ is the same as that in classical SMC method.
The time derivative of sliding variable in (14) can be rewritten as
Combining functions (25) and (26), we can derive the equation as
Furthermore, an adaptive law is designed to guarantee that PI controller can eliminate the steady state error. As stated above, the goal is to push s to zero in finite time. To achieve this requirement, the following Lyapunov function is selected and eventually makes it zero, without need for the information about the system dynamics.
As stated above, the goal is to push the function i i s γ s +  to zero. To achieve this goal the error function
is introduced to the system and the parameters are updated accordingly [12] . The parameters are updated using simple gradient descent approach -in continuous form-or back propagation: Hence, for the Lyapunov stability criteria to be held,
where η is the learning constant, generally chosen between 0 and 1. To compute the parameter updates, the derivative of the Lyapunov function i V w.r.t.
PI i
K should be found. Using the chain rule, the derivative can be written as
As a result, the parameter update algorithm can be stated as 
+ =
) is added to link 1 at 8 . 3 t = s and disappears at 4 t = s. From the above description, there are totally three dynamic changes in the whole process because of the added load, disturbance, and coming back to be normal when the disturbance disappears.
The simulation results are shown in Fig. 1 -Fig. 5 . As is seen in Fig. 1 and Fig. 2 , the joint angles track the desired trajectories and the proposed controller drive the robotic manipulator to its desired positions. 
VI. CONCLUSIONS
The proposed method has five stages. First, the controller is synthesized by using exact feedback linearization. Second, the controller is replaced by the controller candidate which is synthesized by approximating an exact feedback controller. Third, stability of the controller candidate is verified by using Lyapunov theory. Fourth, the robust adaptive proportional integral sliding mode is implemented. Fifth, the controller candidate is implemented by using digital simulation.
The controller benefits from the well-established theory of the adaptive proportional integral sliding mode control and the simple implementation of approximating state feedback controller. The proposed controller can drive the robotic manipulator to its desired positions. Simulation results situation are provided to show the effectiveness of the proposed scheme.
